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Low voltage DC microgrid has attracted more and more attention in smart grid with its advantages such as low
network loss, large transmission capacity and easy direct access to distributed power supply. However, compared
with the traditional AC microgrid, the DC microgrid lacks inertia support and the fault develops rapidly, which
makes the existing short-circuit current protection technology difficult to meet the requirements of accurate and
efficient troubleshooting. Therefore, this paper presents a low-voltage DC microgrid ground short-circuit fault
protection system based on positive channel metal oxide semiconductor (PMOS) self-powering DC solid-state
circuit breaker protection elements, and verifies the feasibility and effectiveness of the protection system
through simulation experiments. The experimental results show that the proposed protection system based on
solid state circuit breaker will not affect the voltage of DC microgrid when it is normally on; In case of ground
short-circuit fault in DC microgrid, the coupling energy of the short-circuit current makes the PMOS to be turned
off reliably. In addition, because the primary inductance of the transformer plays a certain current limiting role,
the turn-off current of PMOS will not increase sharply. The solid-state circuit breaker can effectively block the
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fault without a buffer circuit, which has a good application prospect.

1. Introduction

With the increasing global energy consumption, the depletion of
traditional fossil energy sources and the increasing electricity con-
sumption in load-intensive areas, distributed power generation tech-
nologies based on renewable energy sources have become a hot spot for
research. The view that microgrids are a way to effectively utilize
distributed power sources for power distribution is widely recognized
[1-3]. For the access of many DC loads and distributed power sources,
DC microgrids have become one of the important networking methods
for future smart grids with the advantages of low network losses and
simple control strategies [4,5].

However, the short-circuit protection problem has been one of the
key challenges of DC microgrid. DC micro-network after a short-circuit
fault rapid increase in current, rapid voltage reduction, may endanger
the fragile power electronics and network recovery after fault removal is
slow. Trying to protect vulnerable equipment and improve power supply
reliability requires fast communication and expensive DC circuit
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breakers, increasing the cost of protection configurations. Therefore, for
the short-circuit protection of DC microgrid, it is urgent to develop a
simple and efficient protection system [6-9].

Voltage level is a prerequisite for the study of DC microgrid short-
circuit protection. The voltage level of DC microgrid should be classi-
fied into 2 categories: medium voltage DC microgrid (1.5~22 kV) and
low voltage DC microgrid (below 1500 V) [10-12]. Among them, me-
dium voltage DC microgrid is mainly used in ship systems, while low
voltage DC microgrid is used in telecommunication systems and resi-
dential and commercial power supply. Low-voltage DC microgrid is easy
to connect to 380 V AC grid due to suitable modulation ratio, and the
power semiconductor devices such as Insulated Gate Bipolar Transistor
(IGBT) and MOS tube are more mature and reliable in this voltage range
[13-15].

In the literature [16], a solid-state DC circuit breaker structure based
on power electronics was proposed, which contains a set of anti-parallel
fully-controlled power electronics connected in parallel with energy
absorbing branches to improve the open-end speed, but suffers from
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large through-state losses and complex structure. The literature [17]
proposed a solid-state DC circuit breaker structure based on power
electronics composed of thyristor and IGBT in parallel, which reduces
the large on-state losses, but the breaker is too large. The literature [18]
proposed a technical solution for a DC solid-state current-limiting circuit
breaker based on Integrated Gate Commutated Thyristor (IGCT) and
Silicon Controlled Rectifier (SCR) to improve the interrupting capacity
of the breaker by improving the reliability of the main switching tube
IGCT working in parallel. The literature [19] proposed a DC circuit
breaker topology with current-limiting function, which uses IGBT as the
main switching device with both breaking and current-limiting func-
tions, has the advantages of small through-state loss, high turn-off cur-
rent, and high voltage level, but the number of switching tubes is large
and the control logic is complex.

The design advantages of the above circuit breaker technology are:
compared with mechanical circuit breakers, arc-free breaking and
significantly shorter breaking time, but there are also shortcomings: the
operation of such circuit breakers must be carried out according to very
precise and strict timing, requiring detection, control with consistent.
Circuit breakers require additional control and drive circuits in addition
to the power circuit, this part of the circuit work requires an external
power supply, increasing the complexity of the system, especially in the
event of a failure of the grid itself, the power supply may also be un-
stable, reducing the reliability of the circuit breaker.

To address the above shortcomings, this paper proposes a PMOS-
based self-taking DC solid-state circuit breaker as a ground short-
circuit fault protection system for low-voltage DC microgrid based on
the controllability characteristics of power electronics. The system
consists of PMOS as the main switching tube, working in series in the DC
microgrid. When a short-circuit fault does not occur in the DC microgrid,
the solid-state circuit breaker conducts normally and has no effect on the
microgrid line flow; when a short-circuit fault occurs, the short-circuit
current coupling energy is used to make the PMOS turn off reliably
without additional power supply. The PMOS-based self-powering DC
solid-state circuit breakers use devices that can be adjusted according to
voltage levels, effectively reducing manufacturing costs. Furthermore,
PMOS-based self-powering DC solid-state circuit breakers having a
simple structure that does not require additional auxiliary circuits or
complex control strategies, effectively speeding up the response time
and improving the reliability of DC microgrid operation.

Finally, the protection scheme was simulated and verified by
PSCAD/EMTDC.
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2. Low-voltage DC microgrid ground fault protection system

As shown in Fig. 1, the low-voltage DC microgrid mainly consists of
DG (wind turbine, photovoltaic), energy storage device (fuel cell),
converter (AC-DC, DC-DC) and DC load, which is connected to the AC
microgrid through rectification modules when connected to the grid. In
Fig. 1, module A (main switching module) contains PMOS tube Qy;
module B (driving module) contains voltage regulator Z;, diodes D; and
D, and resistor Ry; module C (power take-off module) contains trans-
former T3, diode Ds, resistor Ry, and capacitor C; at the same name end;
the three modules together constitute the PMOS-based self-powering DC
solid-state circuit breaker proposed in this paper, where F1 is the
microgrid single-pole ground fault.

2.1. Circuit breaker on-state analysis

Most of the fully-controlled devices used in traditional solid-state
circuit breakers are N-Metal-Oxide-Semiconductor (NMOS), which are
turned off under normal conditions. The solid-state circuit breaker
designed in this paper needs to be turned on under normal conditions,
and only turned off when a short-circuit fault occurs, so, PMOS is
selected as the main switch tube. The physical structure of PMOS is
shown in Fig. 2.

Fig. 3(a) shows the equivalent circuit diagram of the DC solid-state
circuit breaker circuit topology when the blocking function is not
activated.

Based on the PMOS without additional power supply short-circuit
current blocking circuit connected in series in the DC power line, do
not start the blocking function, the role of the voltage regulator diode Z;
in the driver module is when the circuit works normally, so that the
drive signal along Z;- R; to the PMOS gate power supply, the PMOS gate
voltage and the source voltage to form a voltage difference, the PMOS
conduction, at this time the current flows along the path of P1- Q;-P2,
transformer T; can be equated to an inductor L;. Fully conduction state,
ignoring the voltage drop of the main switching tube Q; and transformer
T, to obtain a simplified circuit diagram as shown in Fig. 3(b), in which

’_TD
OJHS

Source Gate Drain

B Vst

N-sub depletion region

Fig. 2. PMOS structure diagram.
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Fig. 1. Low voltage DC microgrid system.



Y. Peng et al. Electric Power Systems Research 214 (2023) 108919
—
P1 I op2 Plo = "’{l"t o p2
1
In put Z o) Out put Input 7 Qiid- Out put
A N A
———a

D, z___ > y V2

R1 !Rl
GND GND

(a)

Fig. 3. Equivalent circuit diagram of the auxiliary.

Uc is the supply voltage; L, is the transformer series connected in the
circuit equivalent inductor; R is the load resistance; the initial value of
the load current is 0.

According to the KVL and KCL laws, the system of equations can be
obtained as:

{ iRc + Lydi/dt = Uc o

iy = lo-

The solution is:ijgaq = g—g (1 - efﬁ)

When the circuit breaker designed in this paper is on normally, the
current will rise exponentially to the normal operating current. The gate
voltage of the main switching tube forms a sufficient voltage difference
with the source voltage due to the role of the drive module, and the main
switching tube is fully on with almost zero voltage drop, which has no
effect on the normal operation of the line.

2.2. Ground fault analysis

Fig. 4 shows the equivalent circuit diagram of the DC solid state
circuit breaker circuit topology after activating the fault blocking
function.

A short-circuit current blocking circuit based on PMOS without
additional power supply as described herein, when a short circuit occurs
in the line, at which time the current surge at the primary coil end of
transformer T, in the power extraction module, the secondary coil will
generate coupling energy, and then the energy extraction module uses
the coupling energy to charge capacitor Ci, after charging is complete
capacitor C; discharges, and the drive signal along T;- D3- C1- Q; to the
main switching tube gate power supply, so that the PMOS gate voltage
rises until it reaches the PMOS shut down conditions, the PMOS auto-
matically shut down, the excess voltage through the diode D; back to the
grid, to achieve the short-circuit current blocking effect without addi-
tional power supply.
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3. Theoretical derivation and parameter design
3.1. Theoretical derivation

This section focuses on the theoretical derivation of the transformer
and capacitor in the circuit breaker pickup module, using a short circuit
fault to ground on the DC outlet side as an example.

When a short-circuit fault occurs on the load side, the DC circuit
breaker is considered as a switch, and the short-circuit current charac-
teristics can be analyzed using the first-order equivalent circuit diagram
in Fig. 5.

When a ground fault occurs in a low-voltage DC microgrid, let the
line current be i;(t), before and after the ground fault occurs.

Uc

- —c 2
Rac + Rs @

i(0%) = i(07)
In the Eq. (3): Uc is the DC power supply; Rqc is the line resistance; Rg
is the load resistance.
From the full response of the first-order circuit, the fault current can
be found as follows:

'

if (1) = i(o0) + [i(07) —i(c0)]e™* = Uc {R%f (ﬁ*i)} )

In the Eq. (3)  is the time constant, 7 = ﬁ;‘f, Lw is the transformer
primary winding inductance.
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Fig. 5. Equivalent diagram of short-circuit first-order circuit.
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Fig. 4. Fig. 4 shows the blocking function analysis diagram, and the simplified circuit diagram will be used later in the theoretical analysis section.
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In turn, the derivative of i{t)yields the short-circuit current rise rate:

dif([) Uc Rs

= o ———¢
dt Lw, Ry +Rs

.
: @
Then the maximum rise rate of short-circuit current is:

diy@)]  _Uc, Rs )
dt | Lwi Rac+Rs

The short-circuit current Iy1max in the transformer primary winding
in the short-circuit fault transient condition is:

Uc Rg
I =1 —e———— | At 6
wimax = In + (Lw1 .Rdc +Rs> (6)

Where: Iy is the rated system current and At is the fault current rise
time. At this time, the energy stored in the primary winding of the
transformer is shown in Eq. (7).

1 Uc Ry ’
Wiitean = =Lwi | ] —eo— | At 7
LIT 2W1|:N+<LW1.Rdc+RS> ] )
Then the energy of the secondary side:
Wi = aWL]Tran(a <1) (8)

According to Egs. (2) and (6) can be found in the short-circuit fault
transformer secondary winding current is:

2Wi,

LW2

Iy, = (C)]

Where: Iy is the secondary side current of the transformer, Wy is
the energy stored in the secondary winding of the transformer, Ly is the
inductance of the secondary winding of the transformer.

Then the secondary winding of the transformer can be equated to a
current source, and since the internal resistance of the current source is
infinite, ignoring the resistance Ry, the circuit can be equated to a cur-
rent source to charge the capacitor C; directly. Then the voltage at the
end of the capacitor is:

t

Vs = / Innd 10)

0

As the transformer in the power take-off module is not an ideal pre-
voltage, there are magnetic losses leakage inductance, etc., the following
supplement transformer loss calculation.

The IGSE algorithm for core loss calculation under non-sinusoidal
excitation considers that the core loss is not only related to the rate of
change of flux but also to the magnetization period, and the accuracy of
the calculation results is related to the three coefficients in the Steinmetz
equation, and the IGSE algorithm is shown in Eq. (11) [20].

17 B
Peore = = / ki L4 ‘d (t)
0

0 |\ ABar 11
T dt |AB| an

Where: P is the core loss, AB is the change in magnetic flux, T is
the magnetization period.
Among them,
K
ki = a—1 21 a
2m)* [§7 |cosB|*2~2de

(12)

The winding losses are related to the way the windings are wound in
the core window. The transformer winding loss calculation is based on
the Dowell one-dimensional electromagnetic field model [21-24],
which is based on three prerequisite assumptions: first, the winding
conductor is copper skinned; second, the core permeability is infinite;
and third, the winding height is equal to the core window height. The
magnitude of the conductor AC resistance factor is shown in Eq. (13)
when the three assumptions are satisfied.

Electric Power Systems Research 214 (2023) 108919

Raz‘

dc

Fr,n:

2
=Ae (pl+§(m2—1)(p2 13)

Where: F, , is the conductor resistance factor.
Among them,

sinh(2A) + sin(24A)
P = cosh(2A) — cos(2A)
__sinhA —sinA (14
" coshA + cosA

A=nedy/s

(2]

Ry, is the DC resistance of winding conductor; m is the number of
winding layers; dyy is the thickness of copper skin; & is the depth of skin
collection.

When the transformer primary excitation current is non-sinusoidal,
the AC resistance factors at different harmonic frequencies are calcu-
lated separately, and the total winding loss is calculated as shown in Eq.
(15), where N is the number of current harmonics.

N
Pwindings = ZFRHRdCIrzms,n (15)
n=1

Where: Pyindings is the total conductor winding loss
The leakage inductance is calculated based on the leakage energy as
shown in Eq. (16).

1 1
Wieakage = o /HZdV :ZLo‘Ilz (16)

I; is the peak primary excitation current; H is the magnetic field
strength; Ls is the total leakage inductance converted to the primary side
together with the primary side leakage inductance.

The current distribution in the winding at high frequency is no longer
linear with the winding depth, the skin effect is more significant, and the
field strength distribution in the winding is shown in Fig. 6.

Based on the Dowell one-dimensional electromagnetic field model,
the distribution of magnetic field intensity magnitude with distance x in
the original secondary winding in Fig. 6 is obtained by solving Max-
well’s equations (as in Eq. (17)), where m is the number of winding
layers.

nsinh(yx) + (n — 1)sinh(yz — yx)
= H,
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Fig. 6. Magnetomotive force distribution in transformer winding conductors.
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Among them,
1+
=75 (18)
Hy = ml /hy

From Fig. 6, the field strength between winding layers is related to
the current magnitude and the number of windings m, as shown in Eq.
(19).

mel
Hy(x) = ™

19)

According to Eq. (18) and Eq. (19), the total transformer leakage
energy can be expressed as:

vvleakage = Wori + Wiee + Wisolation + Wins(pri) + ‘/Vins(sec) (20)

Wpri, Wsee are the transformer primary winding and secondary
winding leakage energy; Wins(pri), Wins(sec) are the primary winding layer
and secondary winding layer leakage energy; Wisolation iS the primary
winding and secondary winding leakage energy between the winding.

3.2. Parameter design

This section focuses on the analysis and design of the transformer and
capacitor values within the circuit breaker, with an input DC voltage of
48 V (communication power supply voltage level). From the above
analysis, the transformer and capacitor are obviously the key equipment
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in the circuit breaker and play the role of cutting off the circuit. Its value
will directly determine whether the main switching tube PMOS reliable
shutdown, but also affect the speed of fault isolation.

According to the transformer loss calculation in 3.1, the short-circuit
current reaches the maximum value Iyivax at t, moment, and the en-
ergy generated by the primary winding is transferred to the secondary
winding, then the secondary winding energy is aWy1tran as shown in Eq.
(8), after considering the magnetic loss impedance (impedance is 3%
~4%) and other factors, the primary winding energy « is taken as
0.92~0.96, according to the 48 V DC system. Based on the actual needs
of the 48 V DC system, this paper initially determines the capacitance
selection range from 1 to 5 pF, with 1 pF as the step, based on the for-
mula derived from the theory of each stage in Section 3.1, the short-
circuit current situation under different capacitance values is simu-
lated and analyzed. The current waveform is shown in Fig. 7, the
calculation process of transformer primary inductance Ly; = 20 pH,
transformer secondary inductance Lyy = 100 pH, the transformer turns
ratio is 1:5. According to Fig. 7, as the value of C; increases, the
capacitor charging and discharging time required to grow, the fault
current Iyjmax rise duration grows, so the peak fault current increases,
the fault isolation time grows, that is fault isolation slows down. To
avoid excessive current stress and to ensure faster fault isolation, the
value of C; should not be too large. Eventually, C1 was determined to be
3 pF.
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Fig. 7. Charging current and PMOS gate voltage for different capacitor values.
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4. Simulation analysis

Based on the above analysis of the structure and modules of the
proposed solid-state circuit breaker, Construct the simulation model of
the low-voltage DC microgrid shown in Fig. 1. The model includes the
main switch module, the driver module, the power extraction module,
and the energy extraction module. The simulation parameter design is
shown in Table 1: System voltage Uc = 48 V (communication power
supply voltage level), regulator tube Z; = 27 V, resistor R} = 1 KQ, Ry =
1 MQ, transformer primary inductance Ly; = 20 pH, transformer sec-
ondary inductance Lwz = 100 pH, leakage inductance Wieakage = 100
hm, and resistor R3 = 10Q. Two states are simulated: steady-state and
short-circuit state.

Fig. 8 shows the voltage and current waveforms under steady-state
conditions in normal operation. From the waveform diagram in the
Fig. 8, it can be obtained that when the difference between PMOS gate
voltage and source voltage is Ugs = —27 V, the PMOS is fully on and the
tube voltage drop is negligible, so the input voltage is nearly equal to the
output voltage, at this time, the load current i = 4.8 A. It is proved that
the PMOS-based self-powered DC solid-state circuit breaker in this paper
has no effect on the original line during normal operation.

When a single-pole grounding fault F1 occurs in the microgrid, the
voltage and current waveforms of the solid-state circuit breaker pro-
tection system are shown in Fig. 9. It is assumed that the single-pole
grounding fault of the DC microgrid occurs at time t;, as shown in
Fig. 9, the voltage, and current waveforms before and after the fault are
split and analyzed. After the ground fault occurs at time t;, the short-
circuit current i, at the fault point increases rapidly, and the second-
ary winding of the transformer induces coupling energy. After charging
the capacitor C, the capacitor C; charges the gate of the PMOS tube, and
the gate voltage Ug rises rapidly until time t,. The output voltage Upyt
drops to zero, at this time, the difference between the gate voltage and
the source voltage of the PMOS tube rises from Ugs = —27 V to Ugs = —6
V, and the PMOS tube is completely turned off. It takes tp-t;=3.68ps from
the occurrence of the fault to the complete shutdown.

When a short-circuit fault occurs, the primary-side inductance of the
transformer plays a certain current limiting role, so the turn-off current
of the PMOS tube will not increase sharply. When the PMOS is turned
off, the PMOS tube current has experienced two stages of linear increase
and decrease, and its di/dt is di/dt =4.75 A/ps in the rising stage
respectively; falling stage di/dt =8.136 A/ps. Therefore, the solid-state
circuit breaker designed in this paper does not need to configure a
snubber circuit while efficiently blocking faults.

The results of the simulation analysis show that the PMOS-based self-
taking DC solid-state circuit breaker has no effect on the original line
voltage and current during normal conduction; in the event of a short-
circuit fault, the coupling energy of the short-circuit current can be
used to quickly cut off the circuit and block the short-circuit current, and
the blocking process can be completed within 4 ps.

5. Conclusion

This paper proposes a solid-state circuit breaker without additional
power supply for DC microgrid ground fault protection is proposed, and
its working principle and breaking mode are analyzed. The simulation

Table 1
The circuit parameters.
Components Parameters
P-MOSFET
Transformer 1:5
Schottky Tubes
Zener Diodes Z; = 27 V (£2%)
Resistors Ry =1KQ, Ry =1MQ, R; =10Q
Current Checking Resistors 10 mQ/2W
Capacitors Cy = 3 uf/50V
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Fig. 9. Voltage and current waveforms when starting the locking function.

model is established, and the simulation of normal closing and fault
short-circuit immediate protection are completed. The simulation re-
sults are consistent with the theoretical analysis. The DC solid state
circuit breaker proposed in this paper has the following advantages:

1) Using the working characteristics of PMOS to realize the quick
closing of circuit breaker, the solid-state circuit breaker has simple
structure and reliable performance.

2) In case of short circuit fault in the circuit, PMOS is used to cut off the
positive terminal to ensure safe operation. (NMOS needs to be cut off
from the negative terminal, which may cause electric shock.)

3) When a short-circuit fault occurs, the primary inductance of the
transformer plays a certain role in limiting the current, and the turn-
off current of the PMOS will not increase sharply, so there is no need
to configure a buffer circuit.

4) To sum up, the DC microgrid grounding protection system proposed
in this paper has the advantages of current limiting protection
function, low manufacturing cost and low conduction loss, and has
broad application prospects.
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